This paper presents the experimental investigation of interlaminar shear strength (ILSS) tests of helical wound glass fibre reinforced epoxy (GRE) pipes subjected to hydrothermal ageing. Currently, the test is being used by composite pipes manufacturers as the alternative internal quality monitoring program for detection of manufacturing changes and reconfirmation of the design basis of composite pipes. The test specimens were cut in hoop direction from helically wound GRE composite pipes after exposure of 0, 250, 500, 1000-hour water at 80°C. The ILSS tests of the GRE samples were then conducted in accordance with ASTM D2344, and the results were analyzed to evaluate the durability performance of the laminates. The results show a clear degradation in the bonding strength between fibres and resin system interface after 500-1000-hour water exposure at 80°C. This findings show a good agreement in the trend observed with the standard qualification procedure elucidated in ASTM D2992 standard. Hence, ILSS test shows a great potential to be used as the internal short-term mechanical test method to qualify a new resin, curing agent or glass fibre in accordance to the next approach.
Introduction
Glass fibre-reinforced epoxy (GRE) is one of the most widely used composite pipes and they are used extensively in the marine, building and automotive industries. As the use of GRE pipe increases, so does the need to define reliable design limit in terms of performance [1] [2] [3] . This will provide engineers with basic guidelines to enable GRE systems to be designed with confidence to a common standard. One of the short term procedure that currently being employed by manufacturers other that ultimate elastic wall stress (UEWS) tests or axial tensile strength (ATS) is called the interlaminar shear stress or ILSS test [4, 5] . The interlaminar shear strength may be defined as the resistance of a layered composite to internal forces that tend to reduce relative motion parallel to, and between the layers [6] . It is a critical parameter in most fibrous composites because of its relatively low value compared with the longitudinal tensile strength. The in-plane properties of the laminate depend primarily on the fibres while the out-of-plane/through-the-thickness properties, depend largely on the matrix layer between laminae. This test hence assesses the strength of the laminates in the thickness direction to withstand transverse load. Slaviša Putić et. al investigates the influence of structure, a reinforcement type and a sort of resin exert upon the interlaminar strength of glass fibre reinforced polyester composites. They found that glass fabrics of greater surface weight exhibit better interlaminar shear strength [7] . Wang et. al studied the effects of accelerated ageing on the durability of glass fibre reinforced polyester resin through ILSS, tensile and bending tests [8] . D'Almelda evaluates the effect of distilled water and saline solution upon the ILSS of an aramid fibre-reinforced epoxy composite. Greater decreased in ILSS was observed in samples exposed to distilled water than that in salt water [9] . Similarly, Nigel and Brawn found that the ILSS of the glass/phenolic composites decreased after exposure to water at elevated temperature. They suggeested that this was contributed to deterioration of the interfacial region between matrix layers [10] . This paper focuses on the experimental investigation of the effects of hydrothermal ageing on the interlaminar shear strength of filament wound GRE pipes of ±55° winding angles. The results were then compared with the axial tensile strength (ATS) in accordance to ASTM 2105 which is a basic test-method required for (biaxial) hydrostatic loaded helical wound pipes.
Materials and methods
GRE pipes were provided by Future Pipe Industries (FPI) from their standard pipe range of Wavistrong wound pipes. The pipes were manufactured from glass fibres impregnated with aromatic amine (MDA) from numbers of roving suppliers and sizing (P, C, F and T) and produced by a conventional automated winding machine. The ILSS tests were conducted in accordance with ASTM D2344 [11] . Samples for ILSS tests were then cut from the GRE pipes in the hoop and axial direction ( Figure 1 The hydrothermal ageing was achieved by exposing pipe samples in a water bath for 0h, 250h, 500h and 1000hr of normal tap-water at 80°C. The ILSS tests were conducted using Instron Universal Testing Machine with span-to-depth ratio of 4:1 and a cross-head speed of 1 mm/min was used. Each specimen was placed on two roller supports that allow lateral motion and a load was applied directly at the center of the specimen. The beam was loaded until failure took place, and the failure load was recorded. The failure load was defined as the first maximum load attained. Setup details on the nose and support diameters are illustrated in Figure 2 and 3. The load-deflection curves were generated from the computer unit of the testing machine. The apparent ILSS is computed using the following formula [12] ;
where ILSS is the interlaminar shear strength (MPa), P m the maximum load (N), b the measured specimen width (mm) and h is the measured specimen thickness (mm). 
Results and discussion
As mentioned previously, initially the samples were cut from the GRE pipes in axial and hoop direction, to confirm the failure modes to be observed. Figure 3a and 3b show the failure modes observed for ±55° against load direction for axial and hoop samples, respectively. Resin/fibre debonding due to tension cracking instead of interlaminar shear failure was observed for axial direction sample, illustrated in Figure 3a . ILSS tests on the samples taken from hoop direction of the pipes yield interlaminar shear failure at the centre of specimen as shown in Figure 3b . Interlaminar shear stresses are responsible for an important failure mode known as delamination. From the results, the ILSS tests samples were prepared in hoop directions to ensure shear failure and maximum shear stress at the neutral plane of the specimen. The ILSS and ATS test results for GRE composite pipes of ±55° winding angles for virgin and aged samples are shown in Figure 4 and 5 respectively. The tests were conducted for samples prepared from different types of roving suppliers and sizing. As can be seen from Figure 4 , the interlaminar shear strength of ±55° samples shows a clear degradation in matrix/fibre interface after ageing from virgin condition to after 1000h exposure. The performance of various roving suppliers and sizing in P, C, F and T vary with the effect of hydrothermal ageing. Roving from F supplier degraded the Applied Mechanics and Materials Vol. 554 most with almost 40% reduction in strength after exposure at 1000 hours. Roving supplier C on the other hand, deteriorate the least with less than 20% degradation even after 1000 hours hot water exposure. Roving supplier T, although having the highest initial interlaminar strength at 43MPa, shows a significant drop in the strength of roughly 11%, 16% and close to 25% after 250 hours, 500 hours and 1000 hours hot water exposure respectively. Figure 5 displays the plot for the ATS test results of GRE samples which similarly were conducted of the same roving suppliers used in ILSS tests. The ILSS and ATS results yield similar trends showing clear degradation of the interlaminar strength between the matrix/fibre interface although the initial strength obtained from the ATS were slightly higher than that from ILSS tests. For example, samples from supplier F showed significant drop in ILSS strength after water exposure and similarly the ATS decreased from 66 to 49MPa after a 1500 hours exposure in water at 80°C. The results confirmed the ILSS findings showing agreement in best performance by roving supplier C and worst by supplier F. In general, it can be concluded that there is a good correlation between ATS and hoop loaded ILSS on ±55° helical wound produced pipes subjected to hydrothermal ageing in 80°C water. 
Conclusion
The paper investigates the effects of hydrothermal ageing towards the interlaminar shear strength of GRE laminates, and its comparison with the ATS tests results. The study involves four different roving suppliers and sizing. Although the performance varies between rovings, the results show a significant drop in the interlaminar strength between matrix-fibre interface from virgin sample to after exposure of the 250-hour to1000-hour. The results also show good agreement compared to the hydrothermal ageing results of ATS tests. This seems to suggest that ILSS tests can be used as the short term test as means of a mechanical test method to qualify a new resin, curing agent or glass fibre in accordance to the next approach.
